###### Key Points

1\. Neurofibroma formation is initiated by loss of the NF1 gene in Schwann cells and Schwann cell precursors.

2\. Macrophage and mast cell recruitment to tumors is followed by recruitment of T cells and dendritic cells, which enable tumor formation.

3\. In addition to therapies that act on established tumors, therapies that block these early events might prevent tumorigenesis.

Tumors can form at sites of chronic inflammation,^[@CIT0001],[@CIT0002]^ suggesting that inflammation may contribute to tumorigenesis.^[@CIT0003]^ Accumulating evidence supporting this idea led to the inclusion of inflammation and evasion of immune system surveillance as hallmarks of cancer.^[@CIT0004]^ In several systems, tumor initiation is known to trigger the production of inflammatory cytokines/chemokines, with the resulting leukocyte infiltration leading to inflammation. The consequent inflammatory environment facilitates additional genetic mutations and subsequently activates inflammatory signaling. It does so through reactive oxygen species and subsequent DNA damage, enhancing further inflammation and promoting tumor growth and progression.^[@CIT0005]^ Thus, inflammation can modulate the course of each stage of tumor development, but until recently had been little-studied in nerve tumors.

Genetic "driver" mutations occur in benign (cancer precursor) lesions.^[@CIT0006]^ For example, an oncogenic BRAF^V600E^ mutation is found in ≈90% of benign melanocytic nevi and 70% of serrated polyps, precursor lesions for melanoma, and colon cancer respectively.^[@CIT0007]^*APC* tumor suppressor gene mutations cause benign colorectal adenomas that are susceptible to progression to malignant colorectal carcinomas.^[@CIT0010]^ In NF1, patients harbor inactivating mutations in the *NF1* tumor suppressor gene and develop benign peripheral nerve lesions called neurofibromas, susceptible to progression to malignant peripheral nerve sheath tumors (MPNSTs), highly aggressive soft tissue sarcomas.^[@CIT0011]^ Some genetic driver mutations induce tumorigenesis and also proinflammatory signals. In a genomic analysis of \>10,000 tumors from the TCGA database, *NF1* was amongst the mutated genes (including *TP53*, *HLA-B*, *BRAF*, *PTEN*, *APC*, and *CASP8*) that correlated with high levels of leukocytes across cancer types.^[@CIT0012]^ In neurofibromas and MPNSTs, a remarkable 30% of cells are macrophages.^[@CIT0013],[@CIT0014]^ This review showcases recent progress suggesting that targeting the inflammatory milieu will provide therapeutic benefit for NF1 associated neurofibroma.

NF1, the Disease {#s1}
================

As is described elsewhere in this volume, population-based studies highlight patient predisposition to cutaneous/dermal (DNF) and plexiform neurofibromas (PNF) in Neurofibromatosis type I (NF1).^[@CIT0015],[@CIT0016]^ Briefly, PNF associated with large nerves may be congenital, and grow most rapidly in the first decade of life.^[@CIT0017],[@CIT0018]^ A quarter of individuals with NF1 have visible or symptomatic PNF, and whole-body MRI shows that \>50% have at least one PNF. PNF growth can compress the trachea, bladder, or other vital structures, causing significant morbidity and severe pain.^[@CIT0019]^ DNF were recently shown to originate from HOXB7 expressing SC lineage involving the Hippo pathway^[@CIT0023]^ and in boundary cap cells,^[@CIT0024]^ and correlate with SC hyperplasia and increased innervation of skin appendages.^[@CIT0025]^ DNF are solitary lesions in normal individuals, but thousands can develop in NF1 patients, largely during puberty, and pregnancy.^[@CIT0026]^ Unlike DNF, PNF can transform to MPNSTs.^[@CIT0011],[@CIT0029]^ Although this review is focused on PNF, we recognize that inflammation is also likely to be relevant to DNF.^[@CIT0024]^

Many NF1 diagnostic findings involve hyperplastic or benign neoplastic processes. Cells in these tumors show loss of the Neurofibromin 1 (*NF1*) tumor suppressor gene function. In DNF and PNF, only SC show bi-allelic *NF1* loss of function mutations (reviewed in ref. ^[@CIT0032]^) Because the protein product of the Neurofibromin 1 gene, neurofibromin, functions as an off-signal for Ras family proteins, SCs with partial (*NF1+/−*) or complete (*NF1−/−*) loss of neurofibromin function, Ras-GTP signaling is elevated after cell stimulation. Basal Ras-GTP may also be elevated.^[@CIT0033],[@CIT0034]^ This results in activation of numerous cellular signaling pathways altering many aspects of SC function: cellular growth, proliferation, migration, differentiation, and survival.^[@CIT0033],[@CIT0035]^ Downstream of Ras activation, the Raf/MEK/ERK mitogen-activated protein kinase (MAPK) pathway is activated,^[@CIT0036]^ and is of particular importance in neurofibroma. Thus, pharmacological inhibitors of MEK signaling shrink \>70% of PNF in mouse models and shows similar efficacy in NF1 patients tested in small Phase1/2 clinical trials.^[@CIT0037]^ Other Ras effector pathways likely also contribute to altered SC function, but are less studied. Some exceptions are a role for the RRAS2/TC21-AKT-TGF-β pathway in tumor initiation and a major role for the Stat3 pathway in *Nf1* SC progenitor survival, neurofibroma initiation, and tumor growth,^[@CIT0040],[@CIT0041]^ described in more detail below.

Immune Infiltrates in Neurofibroma {#s2}
==================================

Leukocytes participate in peripheral nerve repair and variety of inflammatory processes, and the relative importance of specific leukocyte populations in neurofibroma development and growth is under intense investigation. In healthy peripheral nerves SC make up about 90% of cells, and innate immune cells are scarce. Resident macrophages comprise \<5% of cells, mast cells are present at \<1 per HPF, and other granulocytes and lymphocytes are largely absent.^[@CIT0042]^ In contrast, neurofibromas are replete with immune cells, and inflammation has long been hypothesized to contribute to neurofibroma development. The importance of inflammation to non-tumor nerve pathology is suggested by a correlation between increased mast cell abundance in mouse models of autoimmune inflammatory disease of the nerves.^[@CIT0043]^ In mouse models of Charcot--Marie--Tooth disease and EAN, T cells and inflammatory macrophages promote disruption of inflamed peripheral nerves.^[@CIT0044]^ Also, macrophages play a key role in regulating nerve repair and Schwann cell (SC) function after nerve injury.^[@CIT0047]^

Mast Cells {#s3}
----------

The increased numbers of mast cells in neurofibromas^[@CIT0050],[@CIT0051]^ compared with normal nerve led to testing the hypothesis that infiltrating mast cells contribute to neurofibroma growth, pruritus or neuropathic pain in NF1 patients. A 1987 study tested ketotifen, an antihistamine and "mast cell stabilizer", in 10 patients. Neurofibroma growth was not inhibited, yet patients reported symptomatic improvement of pain and pruritus, suggesting that mast cell activation may contribute to these symptoms.^[@CIT0052]^ Mast cells have also been a focus of research in mouse models of PNF.^[@CIT0053]^*Nf1*-null SC secrete the potent mast cell chemoattractant SCF (Kit ligand), and *Nf1* heterozygous mast cells are hyper-responsive to SCF signaling.^[@CIT0051]^ W^41^ mice have loss of function for the SCF receptor c-kit, and in a *CNPase*-hEGFR mouse model W^41^ mice show reduced nerve pathology (mast cell recruitment, axon-glial dissociation, fibrosis).^[@CIT0055]^ A recent study tested whether mast cells were necessary for PNF formation. *Scf* (Kit ligand) loss in neurofibroma SC prevented mast cell recruitment but not neurofibroma development in *Plp*-CreERT2; *Nf1*^*fl/fl*^; Scf^f/fl^ mice.^[@CIT0056]^

*Nf1* heterozygous mast cells also secrete excess TGF-β, a profibrotic growth factor that can induce c-Abl-dependent proliferation and collagen deposition in fibroblasts, providing a possible mechanism for contribution of mast cell to NF1 associated nerve pathology.^[@CIT0057]^ TGFβ is profibrotic and may play additional roles in tumor stroma.^[@CIT0058],[@CIT0059]^ This idea led to preclinical and clinical trials of Imatinib, a c-Kit, and c-Abl inhibitor. Although not specific for mast cells, this treatment reduced plexiform neurofibroma growth in *Krox20*-Cre;*Nf1*^*−/fl*^ mice and a subset of human patients.^[@CIT0054],[@CIT0060],[@CIT0061]^ Thus, mast cells do not appear to be necessary for tumorigenesis, but likely contribute to aspects of plexiform neurofibroma biology.

T Cells and Dendritic Cells {#s4}
---------------------------

Recent studies demonstrate the presence of T cells and dendritic cells (DCs) in human and mouse neurofibromas.^[@CIT0062]^ In nerves and neurofibromas from *Dhh*-Cre;*Nf1*^fl/fl^ mice CD11c^+^;CD11b^*−*^ DCs are present.^[@CIT0063]^ CD3^+^ T cell populations in mouse and human neurofibromas are a mixed population of CD4^+^ and CD8^+^ T cells.^[@CIT0064]^ In one study of 36 tumors, immunohistochemical analysis of HLA-A/-B/-C, B2M, and PD-L1 expression was correlated with numbers of neurofibroma and MPNST lymphocytes (CD4+ (cytotoxic T), CD8+ (cytotoxic T), FOXP3+ (suppressive T), CD45RO+ (memory T), and CD56+ (NKT). All cell types were present, but numbers showed significant heterogeneity among patient samples. Although T cells are frequently examined in the context of their antitumor functions, T cell-mediated chronic inflammation can also contribute to tumor development^[@CIT0065]^; their role in PNF remains unstudied.

Macrophages {#s5}
-----------

Macrophages are the dominant innate immune cell population in neurofibromas. Indeed, macrophages make up a remarkable 20--40% of mouse and human PNF cells.^[@CIT0014]^ Macrophages participate in immune surveillance in normal tissues, and in this role they can help inhibit tumor formation. However, once tumors become established, local tumor-associated macrophages (TAMs) are recruited from blood monocytes and/or through proliferation of local macrophages. These TAMS can be protumorigenic, providing trophic support for tumor cells, regulating angiogenesis, invasion, and fibrosis, and suppressing antitumor immune responses.^[@CIT0066]^ Studies in mouse neurofibroma models support the idea that macrophages initially inhibit PNF development and, later, promote growth of established PNF. Other studies demonstrate roles for T cells and/or DCs for sustaining TAMs within neurofibromas (see below).

Given that macrophages are the major immune cell population in human and mouse PNF, efforts to characterize these cells are ongoing.^[@CIT0014],[@CIT0056]^ Markers of "M1" and "M2" macrophage polarization are useful as read-outs for these distinct macrophage functions, whereas single markers do not convey macrophage phenotypic diversity and the various mechanisms by which macrophages suppress or facilitate tumor development and growth.^[@CIT0066]^ Expression of iNOS (an M1 marker) was detected in one PNF model.^[@CIT0056]^ However, genome wide neurofibroma macrophage gene expression of sorted F4/80^+^;Cd11b^+^ macrophages did not meaningfully correlate with defined M1/M2 polarization phenotypes as described,^[@CIT0069]^ but rather showed a mixed phenotype; it remains unclear whether two populations are present, or if all cells show a mixed phenotype.^[@CIT0070]^ Overall, the subtypes and phenotypic identities of T cells, monocytes/macrophages, and DCs in PNF requires further analysis.

*Nf1+/* ^*−*^ Hematopoietic Cells and Neurofibroma Formation in Mouse Models {#s6}
============================================================================

In some mouse models of PNF an *Nf1* heterozygous microenvironment is required for tumor development. For example, plexiform neurofibroma development in the *Krox20*-Cre model depends upon *Nf1*+/^*−*^ bone marrow derived cells, supporting the intriguing idea that hematopoietic cells promote neurofibroma formation.^[@CIT0054],[@CIT0056],[@CIT0071]^ However, the *Nf1* heterozygous microenvironment only modestly accelerates PNF formation in other mouse models.^[@CIT0074],[@CIT0075]^ Thus, inflammatory cells may be wild-type or *NF1+/*^*−*^; both can effectively contribute to neurofibroma development. This explains how PNF can form in patients who are somatic mosaic for *NF1* mutation, and also, albeit rarely, in the general population.

Similarities Between Injured Nerve and Neurofibroma {#s7}
===================================================

After nerve cut or crush injury, and in neuritis, numbers of immune cells (mast cells, macrophages, and T cells) become elevated.^[@CIT0043],[@CIT0046],[@CIT0048],[@CIT0076],[@CIT0077]^ To test if nerve injury potentiates tumorigenesis, the sciatic nerve was cut in adult *Nf1* heterozygous mice. This generated pigmented melanocytes (possibly through transdifferentiation of SC) and rare neurofibromas.^[@CIT0078]^ Ribeiro et al.^[@CIT0071]^ demonstrated that adult *P0*-CreER;Nf1^fl/fl^ mice, which do not form neurofibromas, do so after nerve crush, correlating with an influx of immune cells. Thus, injury with attendant inflammation can co-operate with *Nf1* loss to drive tumor formation.

Nerve injury causes dramatic changes in SC; later the same SC re-differentiate as the injury is repaired.^[@CIT0079]^ After nerve injury mature, quiescent, myelinating SCs, and Remak SCs dissociate from axons. Myelinating and nonmyelinating SCs both become "Repair" SCs, with altered gene expression, morphology, and behavior.^[@CIT0079],[@CIT0080]^ Repair SCs have been described as trans-differentiated, as dedifferentiated, or as activated, each term reflecting the down-regulation of differentiation-associated genes and up-regulation of immature SC associated genes and of novel Repair-cell specific genes. For example, TGFβ receptor expression is up-regulated in Repair cells, and signaling through this receptor establishes the mesenchymal and invasive phenotype of the Repair SCs.^[@CIT0080]^ Repair SCs also up-regulate expression and produce proinflammatory cytokines. These cytokines act on resident endoneurial macrophages, which expand up to \~10-fold in number and become activated. Repair SC proinflammatory cytokines also contribute to leukocyte recruitment from the blood, and infiltrating CCR2^hi^ monocyte-derived macrophages significantly outnumber endoneurial macrophages; CCR2 is necessary for recruitment of these blood-derived cells.^[@CIT0076],[@CIT0081]^

Consistent with the idea that tumors are "wounds that do not heal", molecules that are characteristic of the injury and of the repair phase of the nerve injury response are expressed by neurofibroma SC. These include TGFβ, and cytokines and growth factors that support neuronal survival, stimulate leukocyte recruitment, and activate stromal populations.^[@CIT0070]^ The persistence of inflammatory cells and cytokine expression by neurofibroma SC correlates with the increased signaling through Ras-GTP in *NF1*^*−*^*/*^*−*^ SCs, due to loss of *Nf1.* Dysregulation of Raf/MEK/ERK signaling is also implicated in Charcot--Marie--Tooth associated peripheral nerve inflammation.^[@CIT0082]^ pERK is acutely elevated after nerve injury, peaking within 24-h, and remaining activated above baseline levels for weeks.^[@CIT0083]^ Importantly, transient hyperactivation of Raf1 signaling in myelinating SCs induces demyelination and inflammation,^[@CIT0084]^ and increases in ERK activity driven by constitutively active MEK1DD accelerate Wallerian degeneration after nerve injury, resulting in prolonged inflammation and abnormal injury resolution.^[@CIT0085],[@CIT0086]^ Ras-GTP leads to increased phosphorylation (activation) of activation of JNK and ERK, increasing expression of the proto-oncogenic AP-1 transcription factors (including c-Jun, FosB, and c-Fos). AP-1 transcription factors also increase after nerve injury. C-jun is indispensable for formation of Repair SC types, but is not necessary for normal SC development, SC proliferation or macrophage recruitment.^[@CIT0080],[@CIT0087],[@CIT0088]^

The absence of MEK prevents developmental SC formation,^[@CIT0089]^ and as noted above, blocking MEK activity shrinks 75% of neurofibromas. This suggests that activating MEK might be sufficient to drive neurofibroma formation. In the injured nerve setting, activating MEK delayed repair and functional recovery, and reduced numbers of small caliber axons per Remak bundle, a phenotype observed in neurofibromas,^[@CIT0076]^ but later tumor formation was not assessed. Transgenic expression of receptor tyrosine kinase signaling by EGFR expression in SCs (in *CNPase-*hEGFR mice) similarly mimics early mast cell recruitment and Remak bundle disruption, but neurofibromas rarely form, and macrophages are not significantly recruited to nerve.^[@CIT0055]^ Why do tumors not form? Only loss of *NF1* increases signaling through all Ras proteins, and signaling pathways in addition to MEK. A possibility we favor is that level or duration of RAS/MAPK pathway activation is critical. Supporting this idea, homozygous expression of EGFR increases neurofibroma formation, in comparison to that in EGFR heterozygotes.^[@CIT0041]^ Also, sustained overexpression of type III-beta3 neuregulin, a SC growth factor, is sufficient to drive both nerve pathology and neurofibroma formation in mice.^[@CIT0090]^

The increase in cytokine gene expression that occurs after nerve injury correlates with immune cell recruitment. Raf/MEK/ERK activation, loss of *Nf1*, and elevated EGFR signaling in SCs also show elevated cytokine expression and immune cell recruitment. In each of these settings, there is increased expression of the macrophage chemoattractant *Ccl2*, and the mast cell chemoattractant *Scf.*^[@CIT0051],[@CIT0054],[@CIT0055]^ In cells sorted from neurofibromas, SCs show increased expression of leukocyte chemoattractants (eg *Scf*, *Ccl2*, *Ccl5)*, fibrosis (eg *Tgfb*), and angiogenesis (eg *Vegf*).^[@CIT0040],[@CIT0056],[@CIT0091]^ Computational reconstruction of molecular networks and signaling also predicted a role for type-1 interferon (IFN), a cytokine upstream in immune response signaling in neurofibromas.^[@CIT0070]^ Confirming the computational prediction, treatment of neurofibroma-bearing mice with polyethylene glycolyated (PEG)-type-1 IFN-a-2b reduced expression of many cytokines, and neurofibroma growth was slightly reduced in a Phase II trial of PEGylated IFN-alpha-2b (NCT00678951).^[@CIT0092]^

Temporal Features of Neurofibroma Immune Cell Recruitment {#s8}
=========================================================

Mouse models have provided opportunities to study the timing of neurofibroma formation. After *Nf1* loss in the SC lineage, the driver event in neurofibroma formation, a delay occurs. Peripheral nerves and DRG are grossly normal in 1-month old *Dhh*-Cre;*Nf1*^fl/fl^ mice ^[@CIT0014]^ and gene expression is not significantly different from controls^[@CIT0070]^ ([Figure 1](#F1){ref-type="fig"}; Stage 1). Thus, although SC lack *Nf1* from mid-gestation these phenotypes, and macrophage infiltration, are absent at 1 month of age. Later, SCs and disruption of nonmyelinated axon-SC Remak bundles^[@CIT0061],[@CIT0072]^ mast cell infiltration occurs, and fibrosis begins ([Figure 1](#F1){ref-type="fig"}; Stage 2). By the 2 month time point, macrophages have become abundant, even though gene expression analysis in *DhhCre;Nf1*^fl/fl70^ revealed few differences from control. The macrophages present at this time point are therefore likely to be predominantly resident endoneurial macrophages.^[@CIT0014]^ Also at 2 months, rare CD11c^+^; CD11b^*−*^ DC and T cells are present in paraspinal nerve roots and ganglia, where tumors will form.^[@CIT0014],[@CIT0063]^ Small discrete PNF are present by 4 months of age ([Figure 1](#F1){ref-type="fig"}; Stage 3). Stage 3 tumors contain elevated numbers of DC and T cells, and show increased fibrosis and increased disruption of neuron-SC interactions.^[@CIT0063]^

![Inflammation driven neurofibroma formation. After Nf1 loss in Schwann cells (SCs), a delay in phenotype occurs (Stage1). Subsequently, SCs show elevated growth factors/cytokine production (eg. CSF-1 and SCF), begin to show slight disruption of Remak bundles, and infiltration of mast cells. Macrophages are abundant by 2 months of age, and further cytokines are produced (eg CXCL10/IP-10), concurrent with occasional presence of CXCR3 positive dendritic cells (DCs) and T cells (Stage 2). By 4 months, small tumors form. These contain increased numbers of DCs, T cells. Macrophages remain abundant. Fibrosis is robust, and Remak bundle disruption dramatic. By 7 months, tumors enlarge; all features characterized at 4 months persist (Stage 3).](vdz045f0001){#F1}

The idea that there is a window that occurs between Stage 1 and Stage 2, prior to the onset of significant inflammation, that may be useful therapeutically comes from experiments in which transient early blockade of EGFR signaling in *CNPase-*human EGFR mice prevented mast cell recruitment and fibrosis, Remak bundle disruption, and reduced expression of *Ccl2*, *Scf*, and *Tgfb*.^[@CIT0041],[@CIT0093]^

At Stage 2 (2 months), changes in expression of only a few genes, including *Cxcl10/Ip10*, differentiate *Dhh*-Cre;*Nf1*^fl/fl^ nerves from wild-type nerves, or from CNP-EGFR nerves with nerve disruption but rare neurofibroma.^[@CIT0063]^*Cxcl10* was the only cytokine/growth factor with detectably elevated differential expression.^[@CIT0063]^ Single cell RNA sequencing localized *Cxcl10* to FABP7-expressing immature and/or satellite SCs which also showed low *Nf1* expression. Making it a candidate to drive neurofibroma formation, the *Cxcl10* receptor, *Cxcr3*, was expressed only by rare CD4^+^ T cells, CD8^+^ T cells, and DCs in preneurofibromas/inflamed *Dhh*-Cre;*Nf1*^fl/fl^ DRG. Further studies are needed to define all T cell and DC subsets, and their activation states. To test the importance of CXCL10/CXCR3 signaling in neurofibroma development, we generated *Dhh*-Cre;*Nf1*^fl/fl^;*Cxcr3*-null mice. These animals had no nerve pathology at 7 months of age and did not develop PNF. Thus, recruitment of *Cxcr3* expressing T cells and DCs occurs early in disease, is a critical contributor to neurofibroma development, and the absence of *Cxcr3* prevents transition to Stage 3.

An important additional finding in this study was that mast cells and macrophages are recruited to mutant nerve, even in double mutant mice lacking Cxcr3. However, in the absence of *Cxcr3*, macrophage recruitment was not maintained.^[@CIT0063]^ This result supports the idea that after loss of *Nf1* (Stage 1) and macrophage recruitment (Stage 2), macrophages are sustained in neurofibromas by T cells and/or DCs.

PNF Initiation {#s9}
==============

STAT3 signaling is dispensable for the development of normal SCs, but it is critical for the autocrine growth factor mediated growth/survival of Repair SC after nerve injury.^[@CIT0041],[@CIT0094]^ Our recent work shows that Stat3 is important for neurofibroma initiation and neurofibroma growth.^[@CIT0041],[@CIT0095]^ In *DhhCre;Nf1^fl/fl^;Stat3*^fl/fl^ mice, while PNF formed, they were both significantly reduced in number and significantly smaller than PNF in *DhhCre;Nf1^fl/fl^* mice; thus Stat3 contributes to tumor initiation and tumor growth. Mechanistically, EGFR activates P-Stat3 and increases SCP/neurofibroma-initiating cell self-renewal in vitro, a surrogate for tumor initiation. Further, IL-6 reinforced Jak2/Stat3 activation in SCPs and SCs, suggesting that levels of tyrosine kinase signaling in SCPs modify neurofibroma initiation. After nerve injury repair occurs in wild-type nerves, but when SCs lack STAT3, nerves show reduced expression of *c-Jun*, *Ngfr*, *ErB2/3*, and other Repair associated genes.^[@CIT0066],[@CIT0068]^ Thus, Stat3 drives nerve repair in wild-type mice,^[@CIT0096]^ but elevated Stat3 in promotes neurofibroma initiation and growth. As is the case for Ras-GTP, regulated levels of Stat3 may be necessary for optimal reapir. An RRAS2/TC21-AKT-TGF-β pathway appears to play a minor role in tumor initiation, with loss of *TC21* delaying neurofibroma formation by a few months.^[@CIT0037]^

Stat3, CCR2, and CSF1 in PNF Macrophage Function and Neurofibroma Enlargement {#s10}
=============================================================================

Raf/MEK/ERK and STAT3 signaling, in addition to their neurofibroma SC-intrinsic functions, are likely to play important roles in shaping a protumorigenic nerve microenvironment. For example, blocking MEK signaling in neurofibroma reduced tumor cell proliferation, and also reduced numbers of blood vessels, correlating with tumor shrinkage.^[@CIT0037]^ In many tumor types, STAT3-mediated signaling promotes inflammatory gene expression, causing paracrine effects on immune cells.^[@CIT0097]^ Neurofibromas that formed after *Stat3* deletion contained reduced numbers of Iba1^+^;F4/80^+^;CD11b^+^ TAMs in established tumors.^[@CIT0096]^ These findings are consistent with chronic inflammation supported by macrophages promoting Stat3-mediated tumor growth (Stages 3 and 4).^[@CIT0066]^

To test this idea, we administered FLLL32, an inhibitor of JAK2/STAT3 signaling, to mice with PNF. Pharmacological inhibition of STAT3 signaling reduced neurofibroma growth in *Dhh*-Cre;*Nf1*^fl/fl^ mice with established disease.^[@CIT0096]^ Notably, significant SC and macrophage proliferation occurs in *Dhh*-Cre;*Nf1*^fl/fl^ neurofibromas and proliferation in both cell types was suppressed by FLLL32. Subsequent analyses showed that expression of ligands for CCR2, an important mediator of CCR2^hi^ monocyte recruitment, are significantly reduced in animals responding to treatment.^[@CIT0096]^ Sorted F4/80^+^;CD11b^+^ macrophages isolated from wild-type and *Dhh*-Cre;*Nf1*^fl/fl^ nerves and neurofibromas express *Ccr2*^70^. However, loss of CCR2 in *Dhh*-Cre;*Nf1*^fl/fl^;*Ccr2*-null mice did not prevent tumor development or reduce the number of tumor macrophages in neurofibromas,^[@CIT0096]^ so that if hematopoietic macrophages are relevant in neurofibroma, they are recruited through other mechanisms. The relative contributions of resident and hematopoietic macrophages to neurofibromas, and specific macrophage functions, remain unclear.

In many tumor types CSF-1/CSF1R signaling plays a central role in macrophage development, recruitment, and polarization toward a tumor-supportive phenotype.^[@CIT0066]^ Long-term CSF1R inhibition is well-tolerated in adult mice, and CSF1R inhibitor therapy is an ongoing area of research interest.^[@CIT0068],[@CIT0098]^ Prada et al. examined the effects of a CSF1R/c-fms inhibitor on *Dhh*-Cre;*Nf1*^fl/fl^ mice.^[@CIT0014]^ In established tumors, reduction of PNF growth correlated with macrophage depletion, but inhibition of CSF1R beginning at 1 month (prior to tumor formation), enhanced neurofibroma growth.^[@CIT0014]^ This paradoxical effect of CSF1R inhibition could reflect either the inhibition of distinct macrophage populations or a global shift in macrophage function in the procession of neurofibroma development. Thus, macrophages in established neurofibromas appear to have protumor functions---consistent with other tumor macrophage populations---and the role of macrophages in neurofibroma initiation is likely to be antitumor. Overall, these data suggest that STAT3-targeted therapies---and other therapies targeting macrophages and neurofibroma growth---may be useful in PNF ([Figure 2](#F2){ref-type="fig"}).

![Potential immunotherapy targets in neurofibroma. In neurofibroma mouse models, the CXCL10/CXCR3 axis involving dendritic cells and T cells is critical in the early development of neurofibroma (\~2 months). Macrophages contribute to neurofibroma formation via the involvement of STAT3 and CSF-1/CSF1R signaling. Inhibitory molecules targeting STAT3, CSF-1/CSF1R, and pegylated Interferon alpha 2b in established neurofibroma modestly inhibit tumor growth. MEK inhibition significantly shrinks most neurofibromas.](vdz045f0002){#F2}

Oncogenic Stress and Stages in Neurofibroma Development {#s11}
=======================================================

What might cause the lag that occurs between loss of *Nf1* in SCs and SCPs during embryogenesis and neurofibroma formation months later? High levels of cell stress, including stress driven by Ras activation, can cause cell cycle arrest, senescence or cell death, providing barriers to cancer.^[@CIT0099]^ Ras activation can induce cellular senescence,^[@CIT0100]^ and senescent cells fuel a proinflammatory and protumorigenic microenvironment by producing proteins in a so-called senescence associated secretory phenotype (SASP).^[@CIT0105]^ Recent evidence shows that RAS oncogene-induced senescence drives the stimulator of interferon gene (STING) pathway, linking senescence to inflammation and cancer.^[@CIT0106]^

In epithelia, even in precancerous hyperplastic lesions, replicative stress and early DNA damage are present, and correlate with cell senescence or apoptosis, delaying or preventing tumorigenesis. For example, activation of the ATM-Chk2-p53 pathway in premalignant epithelial tumors correlates with DNA damage; DNA damage activates the ATR/ATM-regulated checkpoint, reducing cell division and providing an inducible barrier against tumor progression.^[@CIT0107]^ Ras-driven DNA damage in premalignant lesions may result from reduced origin licensing.^[@CIT0108]^ Alterations that interfere with the DNA damage checkpoint are predicted to circumvent oncogenic stress and promote tumorigenesis. It is notable that DNA damage was a theme identified by transcriptome analysis of neurofibromas.^[@CIT0109]^ In addition, downstream of oncogenic stress levels of *CDKN2A* increase, activating p53 to limit cell growth; in *NF1* deficient mouse and human PNF *CDKN2A* expression is elevated.^[@CIT0037]^ Also, increased Ink4a/Arf expression prevented SC proliferation and tumors in *NSE-SMDF*^*+/−*^ mice.^[@CIT0110]^

Another potential brake on neurofibroma formation downstream of Ras/MAPK signaling is suppression of the interferon response. Type 1 interferon receptor (IFNAR) deficiency allows spontaneous transformation of MEFs, and predisposes mice to DMBA/TPA-mediated papilloma formation in vivo.^[@CIT0111]^ The cross talk between the Ras/MAPK and Interferon pathways is complicated. Ras/MAPK signaling stimulated by Nogo-B decreases expression of interferon (IFNRaR1)-regulated genes.^[@CIT0112]^ IFNa-IFNaR1 signaling suppresses proliferation in cancer cells by decreasing P-ERK, independent of Ras,^[@CIT0115]^ via JAK1/STAT1 signaling.^[@CIT0116]^ Gene network analysis reveals genes induced by RAS/MAPK and by type I interferons; IFN-a signaling may limit transformation through co-regulated genes.^[@CIT0117]^ Merging these lines of investigation, recent study suggests that Ras signaling drives DNA damage, which itself independently activates Interferon and suppresses p53, holding Ha-Ras-driven skin tumors in check.^[@CIT0118]^ In this light, the reduced cytokines after treatment of neurofibroma with interferon may be of interest.^[@CIT0092]^

Conclusion {#s12}
==========

Mast cell infiltration, progressive disruption of Remak bundle organization, SC hyperplasia, and collagen deposition are well-documented features of mouse and human neurofibroma. Yet, nerves showing these features do not necessarily progress to neurofibroma development, implying that additional events drive tumorigenesis. Nerve injury can elicit neurofibroma formation, and macrophages are present in large numbers in neurofibromas, supporting the idea that inflammation triggers potentiate nerve tumorigenesis driven by *NF1*^*−*^*/*^*−*^ SC. Recent studies show that Stat3 signaling in SCs and tumor macrophages, and Cxcr3^+^ T cells and DCs recruited to neurofibromas by Cxcl10 expression in subpopulations of SCs, play critical roles neurofibroma initiation and growth, and sustain macrophage recruitment. Together these studies support a model in which *NF1* mutant SC, after differentiation, are induced by local inflammation to drive tumor formation and growth.
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